fector of CB1 in this context is likely to be direct inhibition of Ca 2ϩ channels by G proteins, rather than a channels for neurotransmitter release. These results indicate that endocannabinoids are highly selective, diffusible second messenger in the presynaptic terminal. This direct mechanism is likely to account for the rapid modulators of hippocampal inhibition. 
. We monitored evoked inhibitory postsynaptic currents (eIPSCs) in whole-cell voltage-clamp Proteins with Calcium Channels Next, we investigated the signaling pathway downrecordings from hippocampal CA1 pyramidal cells. WIN55212-2 (800 nM) depressed eIPSCs by 21% Ϯ 6% stream from the CB1 receptor. Synaptic depression by endocannabinoids in the hippocampus and cerebellum in slices from CB1 ϩ/ϩ and CB1 ϩ/Ϫ mice (n ϭ 10 ϩ/ϩ and 2 ϩ/Ϫ) compared to 0% Ϯ 4% in CB1 Ϫ/Ϫ slices (n ϭ 7, is caused by inhibition of presynaptic voltage-dependent Ca 2ϩ channels (VDCCs) (Hoffman and Lupica, 2000; p Ͻ 0.05, t test). This agrees with a previous study which showed that WIN55212-2 has no effect on eIPSCs Kreitzer and Regehr, 2001). CB1 is likely to be acting via G proteins in this case, as DSI is pertussis-toxin recorded in dentate granule cells of CB1 Ϫ/Ϫ mice (Hajos et al., 2000) . Baclofen (3 M) could still elicit a robust sensitive (Pitler and Alger, 1994) , but inhibition of VDCCs may be caused either by a direct action of G␤␥ on VDCCs depression of eIPSCs in CB1 Ϫ/Ϫ slices (average depression 69% Ϯ 9%; n ϭ 3; Figure 1B) , showing that other (Mackie and Hille, 1992; Herlitze et al., 1996; Ikeda, 1996) or else by a second messenger cascade involving inhibicomponents of presynaptic inhibition via G proteins are still intact in these animals. tion of adenylate cyclase (Howlett and Fleming, 1984). We found that DSI is resistant to staurosporine (5 M; We then assessed DSI in these animals by recording from one CA1 pyramidal neuron per slice and averaging n ϭ 5 treated, 5 control), a broad-spectrum inhibitor of serine/threonine kinases, as well as the phosphatase over four to five trials per cell during the first 10 min of recording. DSI is expressed as a percentage depression inhibitors FK506 (10 M; n ϭ 6 treated, 5 control) and calyculin A (100 nM; n ϭ 6 treated, 5 control) (Figure in eIPSC amplitude. Using this method, average DSI magnitude in wild-type mice (32% Ϯ 4%, n ϭ 33) and 2A). In agreement with other investigators (Morishita et al., 1998), we also found that DSI is unaffected by forheterozygotes (33% Ϯ 7%, n ϭ 9) is comparable to cisely, in order to determine if they were consistent with direct inhibition of presynaptic VDCCs. Carbachol (5 M) was added to the bath to increase the frequency of spontaneous IPSCs (sIPSCs) to 10-15 Hz (Pitler and Alger, 1992) to allow visualization of DSI onset at higher temporal resolution, and very short depolarizing steps (100 ms) were used to elicit DSI. We observed that the depolarizing step was followed by a short delay before sIPSCs were depressed. On average, this delay lasted 1.2 s ( Figure 2B ). Whereas phosphorylation-induced changes in channel activity typically require many seconds, the membrane-delimited pathway of presynaptic inhibition is much faster (Hille, 1992; Hescheler and Schultz, 1993), consistent with the brief latency observed here. Together, these pharmacological and kinetic results are evidence that DSI inhibits VDCCs by the direct, membrane-delimited action of G␤␥.
Differential Involvement of Presynaptic VDCC Subtypes in Endocannabinoid Signaling
Next, we asked whether endocannabinoid-mediated inhibition showed any specificity for a particular presynaptic Ca 2ϩ channel subtype. GABA release from hippocampal interneurons is mediated by both N and P/Q subtypes of VDCCs in the presynaptic terminal (Doze et al., 1995). According to a previous report (Lenz et al., 1998), DSI is blocked by a specific antagonist of N-type channels, -conotoxin GVIA (-CTx-GVIA). This was interpreted as a postsynaptic requirement for N-type channels as the mediators of the depolarization-evoked, postsynaptic calcium spike which triggers DSI. We won- pressed eIPSCs by 70% Ϯ 6% ( Figure 3B ; n ϭ 5). In agreement with a previous report (Lenz et al., 1998), -Aga-TK actually increased the magnitude of DSI, from skolin (50 M), which activates adenylate cyclase and 50% Ϯ 6% to 68% Ϯ 4% (Figures 3B and 3C ; p Ͻ 0.005, should interact with any process mediated by a change paired t test). Based on our results with -CTx-GVIA, in cAMP levels ( Figure 2A ). These results raise the possiwe suspected that -Aga-TK might be acting presynapbility that DSI involves a direct action of G␤␥ on VDCCs tically to remove a component of GABA release that by a fast, membrane-delimited pathway. These data do is insensitive to DSI. Consistent with this hypothesis, not rule out a more subtle, modulatory effect of kinases eIPSCs in the presence of -Aga-TK were extremely or phosphatases on DSI.
sensitive to WIN55212-2 (Figures 3B and 3D; eIPSC am-A previous study has qualitatively described a latency plitude depressed by 83% Ϯ 9%; p Ͻ 0.05 compared period before DSI onset (Pitler and Alger, 1994). We decided to examine the kinetics of DSI onset more preto controls, t test).
having both types of channels, since the algebraic sum of the effects of -CTx-GVIA and -Aga-TK (144%) exceeds 100%, attributable to the supralinear relationship between calcium influx and neurotransmitter release (Dodge and Rahamimoff, 1967). Selective presynaptic inhibition of N-type versus P/Q-type channels by G protein-coupled receptors has been reported at excitatory synapses in the hippocampus, where these channel subtypes are colocalized in the same presynaptic boutons (Wu and Saggau, 1994 ). An alternative possibility is that CB1 is expressed on a subpopulation of terminals that use only N-type channels for transmitter release. Indeed, two studies of GABAergic connections among cultured hippocampal neurons (Ohno-Shosaku et al., 1994; Poncer et al., 1997) found that some interneurons use only N-type channels for transmitter release, whereas others use only P/Q-type channels. In order to distinguish between these two hypotheses, we recorded from connected interneuron-pyramidal cell pairs in the CA1 region. Interneurons were recorded in whole-cell current-clamp mode, and presynaptic action potentials were elicited by brief (5 ms) current injections. We recorded from 343 interneuron-pyramidal cell pairs; we detected an interneuron-to-pyramidal cell synaptic connection in 30 of these. We found that unitary IPSCs (uIPSCs) recorded in these connections varied considerably in their kinetics, generating a bimodal histogram of uIPSC rise times ( Figures 4A and 4D ). We termed these two groups "GABA-A fast " and "GABA-A slow ," following the convention established by a previous study (Pearce, 1993). GABA-A fast inputs also had faster time constants of decay (19 Ϯ 1 ms) than GABA-A slow inputs (40 Ϯ 4 ms). These kinetic differences cannot be explained by higher access resistance in GABA-A slow recordings Ϫ6% Ϯ 5%, n ϭ 8 connections). All GABA-A slow connections were resistant to DSI (average DSI ϭ 1% Ϯ 2%, n ϭ 14 connections). GABA-A fast I inputs were also distinInterneuron Subtypes Selectively Targeted guished by their large uIPSC amplitudes compared to by Endocannabinoids GABA-A fast II (p Ͻ 0.001) and GABA-A slow (p Ͻ 0.001, BonThe differential involvement in DSI of two types of preferroni t tests) ( Figures 4C and 4D ). synaptic VDCCs suggests two possible scenarios. One
We also examined the intrinsic excitability profile of possibility is that CB1 is expressed on GABAergic termithese interneurons. Consistent with previous work nals that use both N-and P/Q-type calcium channels (Parra et al., 1998), we found a large diversity in excitabilfor transmitter release but that CB1 activation affects ity profiles which does not seem to map perfectly onto only the N-type channels in those terminals. It seems other physiological properties. Each of the three groups included several types of action potential waveforms likely that there are at least some GABAergic terminals 
pletely absent in CB1
Ϫ/Ϫ mice, providing strong evidence that DSI represents the release of endocannabinoids from the postsynaptic neuron. The molecular identifica-( Figure 5A ) and discharge patterns ( Figure 5B ). On average, however, interneurons forming GABA-A fast II connection of the cloned receptor CB1 with the presynaptic target of endocannabinoids should now permit a unified tions were able to fire at a higher maximum initial rate than the other types of connections and showed less discussion of DSI's electrophysiological properties in light of the large literature on CB1 anatomy and signal accommodation. We also noted that GABA-A fast I interneurons had significantly smaller after-hyperpolarizatransduction. Second, we present evidence that CB1 activation is unlikely to inhibit Ca 2ϩ channels via inhibitions than the other two interneuron types. GABA-A slow interneurons were distinguished by their broad action tion of adenylate cyclase, since DSI is not affected by kinase or phosphatase inhibitors or by forskolin. Rather, potentials and high input resistances (Table 1) .
In a subset of these connections where uIPSC ampli-CB1 activation is more likely to decrease Ca 2ϩ influx Anatomical studies have demonstrated that CB1 reThis was never observed at cannabinoid-resistant synapses, and so it is tempting to speculate that these two ceptors are expressed by a subclass of hippocampal interneurons that arborize mainly in stratum pyramidale unusual properties are somehow related. Both N-and P/Q-type channels are inhibited by G␤␥; however, and to a lesser extent in radiatum close to stratum pyramidale ( Second, cannabinoid-sensitive interneurons genervivo firing rates, sometimes Ͼ300 Hz (Sik et al., 1995) . Strikingly, all GABA-A fast II synapses we recorded used ated uIPSCs with fast kinetics. These connections, together with a group of cannabinoid-insensitive fast exclusively P/Q-type Ca 2ϩ channels for neurotransmitter release. The reasons for this selectivity are unclear but synapses, probably represent the group of furosemidesensitive synapses termed GABA-A fast (Pearce, 1993) . might relate to the high, sustained firing rates that these neurons are capable of. It might be advantageous for What might be the functional significance of the observation that DSI disproportionately affects fast synthese cells to use only P/Q-type VDCCs at the presynaptic terminal because this VDCC subtype shows much apses? It has been proposed that GABA-A fast interneurons are responsible for controlling oscillations in the ␥ less inactivation than N-type channels ( (Table 1) .
(NBQX disodium, forskolin).
However, it may be the case that our synaptic description of these interneurons does not extend to other 
